Nitrate modulates stem cell dynamics in Arabidopsis shoot meristems through cytokinins by Jonsson, Henrik et al.
Nitrate modulates stem cell dynamics in Arabidopsis
shoot meristems through cytokinins
Benoit Landreina, Pau Formosa-Jordana, Alice Maliverta,b, Christoph Schustera, Charles W. Melnyka,c, Weibing Yanga,
Colin Turnbulld, Elliot M. Meyerowitza,e,f,1, James C. W. Lockea,g,1, and Henrik Jönssona,h,i,1
aSainsbury Laboratory, University of Cambridge, CB2 1LR Cambridge, United Kingdom; bÉcole Normale Supérieure de Lyon, Université Claude Bernard Lyon I,
Université de Lyon, 69342 Lyon, France; cDepartment of Plant Biology, Swedish University of Agricultural Sciences, 756 51 Uppsala, Sweden; dDepartment of
Life Sciences, Imperial College London, SW7 2AZ London, United Kingdom; eHoward Hughes Medical Institute, California Institute of Technology, Pasadena,
CA 91125; fDivision of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA 91125; gMicrosoft Research, CB1 2FB Cambridge,
United Kingdom; hComputational Biology and Biological Physics Group, Department of Astronomy and Theoretical Physics, Lund University, S-221 00
Lund, Sweden; and iDepartment of Applied Mathematics and Theoretical Physics, University of Cambridge, CB3 0DZ Cambridge, United Kingdom
Contributed by Elliot M. Meyerowitz, December 20, 2017 (sent for review October 26, 2017; reviewed by Aaron M. Rashotte and Robert Sablowski)
The shoot apical meristem (SAM) is responsible for the generation of
all the aerial parts of plants. Given its critical role, dynamical changes
in SAM activity should play a central role in the adaptation of plant
architecture to the environment. Using quantitative microscopy,
grafting experiments, and genetic perturbations, we connect the
plant environment to the SAM by describing the molecular mech-
anism by which cytokinins signal the level of nutrient availability to
the SAM. We show that a systemic signal of cytokinin precursors
mediates the adaptation of SAM size and organogenesis rate to the
availability of mineral nutrients by modulating the expression of
WUSCHEL, a key regulator of stem cell homeostasis. In time-lapse
experiments, we further show that this mechanism allows meri-
stems to adapt to rapid changes in nitrate concentration, and
thereby modulate their rate of organ production to the availability
of mineral nutrients within a few days. Our work sheds light on the
role of the stem cell regulatory network by showing that it not only
maintains meristem homeostasis but also allows plants to adapt to
rapid changes in the environment.
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Plants have evolved specific mechanisms to adapt their growthand physiology to the availability of mineral nutrients in their
environment (1). Various hormones such as auxin, abscisic acid,
gibberellin, and cytokinin have been shown to act in this process
either locally or systemically (1). Cytokinins in particular play an
essential role in plant response to nitrate, where they act as
second messengers (2). For example, cytokinins promote lateral
root development in areas rich in NO3 if the overall NO3
availability for the plant is low (3). In the shoot, cytokinins have
been shown to modulate key traits such as leaf size (4, 5) and
branch number (6) in response to nitrate.
Cytokinins have also been shown to be critical for the maintenance
of stem cell homeostasis in the shoot apical meristem (SAM). By
modulating the expression of WUSCHEL (WUS), encoding for a
homeodomain transcription factor expressed in the center of the
meristem, cytokinins promote stem cell proliferation, thus controlling
the size of the meristem and the rate of shoot organogenesis (7–10).
Using grafting experiments, a recent study showed that a systemic
signal of a cytokinin precursor [trans-zeatin riboside (tZR)], traveling
from root to shoot through xylem, could influence the size of the
vegetative meristem (11). However, it remains unclear whether
cytokinin signaling can allow the SAM to respond to changes in
nutrient levels in the environment. Here, we examined how a core
stem cell regulator in the SAM dynamically responds to changes in
mineral nutrient levels in the soil and whether systemic cytokinin
signals can account for the dynamic adaptation of meristem
function to nutrient levels. We used the inflorescence meristem of
Arabidopsis as a model, as this structure produces all the flowers of
the plant, and is therefore a key target for crop improvement.
Results
Plant Nutritional Status Influences Shoot Meristem Function.We first
studied how fixed levels of nutrients affect meristem function by
growing plants on soil containing diverse levels of nutrients (SI
Appendix, Table S1). To assess meristem function, we measured
the size of the meristem, the plastochron ratio (a feature that is
inversely proportional to the organogenesis rate of the SAM)
(10), and the number of flowers produced by the primary in-
florescence (SI Appendix, SI Material and Methods). We observed
that bigger, well-nourished plants had larger meristems and pro-
duced more flowers than smaller, more poorly nourished plants
(Fig. 1 and SI Appendix, Fig. S1 A and B). We found a very close
correlation between the weight of the rosette and the size of the
meristem in individual plants (SI Appendix, Fig. S1C), showing
that shoot development is coordinated when plants are grown
under different nutritional conditions.
We next examined whether the observed changes in meristem
size were linked to changes in stem cell homeostasis by exam-
ining fluorescent reporters for the key meristem regulatory
genes, WUS and CLAVATA3 (CLV3). We developed a pipeline
based on projections of 3D confocal stacks to automatically ex-
tract and analyze gene expression domains using a generalized
exponential fit function (SI Appendix, Fig. S2 and SI Material and
Methods). The intensity of the signal and the size of the domain of
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expression of pWUS::GFP were strongly correlated with the size of
the SAM in the different growth conditions (Fig. 2A and SI Appendix,
Fig. S3 A and B), which was also confirmed using a translational
fusion (SI Appendix, Fig. S3C). CLV3 did not show such behavior in
all experimental repeats, and only the size of its expression domain
consistently correlated weakly with the size of the SAM (SI Appendix,
Fig. S4). Such an uncoupling betweenWUS and CLV3 expression has
been described in vegetative meristems of plants grown under dif-
ferent light levels (12) and suggests that these two genes could be
differentially regulated by both nutrients and light.
As cytokinins modulate WUS and CLV3 expression (7–9), we
examined the expression of pTCSn::GFP, a reporter of cytokinin
response, when plants were grown with different levels of nu-
trients. Similar to what was observed with WUS, the intensity of
the signal and the size of the domain of expression of the
pTCSn::GFP reporter correlated with the size of the meristem in
the different growth conditions (Fig. 2B and SI Appendix, Fig. S5),
thus showing that plants growing with higher levels of nutrients
exhibit higher levels of cytokinin signaling in the SAM. As altering
cytokinin signaling is known to affect meristem homeostasis (13–18),
we further studied the phenotype in the meristem of various mutants
of cytokinin metabolism and their response to mineral nutrition.
Cytokinins Are Involved in the Response of the Meristem to Mineral
Nutrients.First, we looked at the phenotype of mutants altered in the
successive steps of production of cytokinins via ISOPENTENYL
TRANSFERASE (IPT) and LONELYGUY (LOG) enzymes (19):
ipt3-1 ipt5-2 ipt7-1 (referred to here as ipt3.5.7) for the first
step of biosynthesis and log4-3 log7-1 (log4.7) and log1-2 log3-2 log4-
3 log7-1 (log1.3.4.7) for the second step of biosynthesis; for mutants
for the conversion of cytokinins via CYTOCHROME P450
MONOOXYGENASE 735A (CYP735A) enzymes (20): cyp735a1-1
cyp735a2-1 (cyp735a1.2); and for the degradation of cytokinins
via CYTOKININ OXIDASE (CKX) enzymes (13): ckx3-1 ckx5-2
(ckx3.5) in plants grown on soil supplied with fertilizer. Mutant
shoots grew almost normally in this condition, and only the ipt3.5.7
and cyp735a1.2 mutants showed a consistent decrease in rosette
weight (Fig. 3A and SI Appendix, Fig. S6A). However, meristem size
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Fig. 1. Plant nutritional status influences meristem function. (A) Morphol-
ogy of the rosette (Top) and of the SAM (Bottom) of representative WT
plants grown on soils of different nutritive quality. (Scale bar, Top, 1 cm;
Bottom, 50 μm.) (B and C) Rosette weight (B) and meristem size (C) of WT
plants grown on soils of different nutritive quality (1/3 soil 2/3 sand: n = 17;
1/2 soil 1/2 sand: n = 22; 2/3 soil 1/3 sand: n = 23; 1/1 soil: n = 21; 1/1 soil +
fertilizer: n = 26, pool of two independent experiments). Error bars corre-
spond to the mean ± SD. Data were compared using linear models.
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Fig. 2. Plant nutritional status influences stem cell homeostasis in the SAM.
Expression of pWUS::GFP (A) and pTCSn::GFP (B) in WT plants grown on soils
of different nutritive quality [n = 55 (A) and n = 57 (B)]. (Top) Representative
plants. (Scale bars: 50 μm.) Red arrows point to the center of the in-
florescence meristem. (Bottom) Total fluorescence signal in the inflorescence
meristem vs. meristem size (SI Appendix, SI Material and Methods). Data
were fitted using linear models.
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and organogenesis rate were strongly affected by the mutations (Fig.
3 and SI Appendix, Fig. S6 B–D). The ipt3.5.7, log4.7, log1.3.4.7, and
cyp735a1.2 mutants, altered in various steps of trans-zeatin (tZ)
production, showed smaller inflorescence meristems that produced
fewer organs. In contrast, the ckx3.5 mutant, which displays higher
levels of cytokinins, showed larger inflorescence meristems that
produced more organs, as previously described (13). We also
quantified the size of the domain of expression of WUS by in situ
hybridization (SI Appendix, Fig. S7). We observed changes in the
size of the WUS expression domain in all genotypes that correlated
with the changes in meristem size we quantified, thus supporting the
idea that cytokinin metabolism controls meristem function through
the stem cell regulatory network.
We next looked at the effect of mineral nutrition on the
phenotype of the mutants by comparing plants grown on soil
with or without fertilizer. Of all mutants, only ipt3.5.7 mutants
did not respond to fertilizer with an increase in meristem size
and organogenesis rate, as observed in WT. Instead, it displayed
a surprising statistically significant decrease in meristem size
(Fig. 3). Although all the enzymes involved in cytokinin me-
tabolism we studied can modulate meristem homeostasis, IPT
enzymes, which catalyze the first step of cytokinin production,
appear to be the only ones necessary for the response of the
meristem to changes in nutrient availability in the soil. This result
is supported by the fact that nitrate, the main mineral nutrient,
can directly modulate the expression of IPT3 and, to a lesser
extent, of IPT5 in seedlings (21). To further support that the
response of meristems to mineral nutrients relies on cytokinin
precursors produced by IPT enzymes, we used mass spectrom-
etry to compare CK levels in inflorescences of plants grown
without or with fertilizer. Despite technical variability in the mass
spectrometry measurements between replicates (SI Appendix, SI
Material and Methods), we observed a statistically significant increase
in the levels of tZR precursors, the dephosphorylated products of
IPT enzymes, in the two experimental replicates, further supporting
the importance of these enzymes in the response of the meristem to
nutrients (SI Appendix, Fig. S8 and Tables S2 and S3). We did not
find significant changes in the levels of the active cytokinin tZ in the
whole inflorescence, but found a significant increase in the levels of
the degradation products of tZ: tZROG (trans-zeatin-O-glucoside
riboside) and tZ7G (trans-zeatin-7-glucoside) (SI Appendix,
Tables S2 and S3). This lack of changes in tZ levels could be a result
of tZ being a transient molecule mainly synthesized locally in the
meristem, notably through the action of LOG4 and LOG7 enzymes
(7–9).
Cytokinin Precursors Act as Long-Range Signals in the Control of
Meristem Function. We further studied the spatial origin of the
signal triggering the response of the meristem to mineral nutri-
tion. Grafting experiments have previously shown that cytokinins
can act either as local or as systemic signals in the control of root
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Fig. 3. Cytokinins allow the adaptation of meristem function to plant nu-
tritional status. (A) Morphology of the rosette (Top) and of the SAM (Bot-
tom) of representative WT and CK-associated mutant plants. (Scale bar, Top,
1 cm; Bottom, 50 μm.) (B and C) Meristem size (B) and plastochron ratio (C)
of WT and CK-associated mutant plants grown on soil either without fer-
tilizer (green, g) or with fertilizer (red, r); [Col-0: n = 22 (g) and 25 (r); ckx3.5:
n = 23 (g) and 27 (r); log4.7: n = 19 (g) and 24 (r); log1.3.4.7: n = 14 (g) and 25
(r); ipt3.5.7: n = 36 (g) and 20 (r); cyp735a1.2: n = 26 (g) and 20 (r), pool of
two independent experiments]. Data were compared using Student’s t test.
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and shoot development (11, 20, 22). We performed grafting ex-
periments on our set of mutants to study whether a systemic signal
is involved in the control of meristem function. Adding a WT root
was able to rescue the phenotype in the meristem of ipt3.5.7 and
cyp735a1.2 mutants, but not of the ckx3.5 and the two log mutants
(Fig. 4 A and B and SI Appendix, Fig. S9). Grafting a mutant root
onto a WT scion led to a minor but statistically significant de-
crease in meristem size for log1.3.4.7, ipt3.5.7, and cyp735a1.2
mutant roots (SI Appendix, Fig. S10). These experiments show
that expressing IPT and CYP735A in either part of the plant is
sufficient but not completely necessary for proper meristem
function, and that LOG and CKX must act largely in the shoot to
regulate meristem function. Our results are in agreement with the
recent work by Osugi et al. (11), who showed that the phenotype
in the vegetative meristem of the ipt triple mutant, but not the log
sextuple mutant, could be complemented by grafting a WT root.
These results also make sense in light of the expression patterns of
the different genes, as LOG and CKX are expressed in meristems
(7, 9, 13), whereas IPTs and CYP735a1-2 are expressed predomi-
nantly in the vascular tissues of the root and, to a lesser extent, of
the shoot (16, 23); only IPT7 expression has been shown to be in-
duced by SHOOT MERISTEMLESS in the vegetative meristem
(24). We next looked at the response to mineral nutrition of grafted
combinations of WT and ipt3.5.7 mutant plants. Contrary to self-
grafted mutants, ipt3.5.7mutant plants grafted with WT root or WT
shoot and growing with fertilizer showed larger meristems and re-
duced plastochron ratios than the same plants growing without
fertilizer (Fig. 4C). IPT activity exclusively in the root or solely in the
shoot is thus sufficient, but not necessary, for the meristem to re-
spond to changes in the nutritional environment.
To analyze the dynamics between production of cytokinin pre-
cursors and modulation of meristem function, we applied tZR and
tZ to meristems expressing pTCSn::GFP and pWUS::GFP cut from
the plant and grown in vitro. In the absence of added cytokinin,
both pTCSn::GFP and pWUS::GFP signal strongly decreased over a
48-h time course, suggesting that extrinsic cytokinin is needed to
sustain meristem homeostasis (Fig. 5). In contrast, adding 50 μM
either of tZR or tZ to the medium up-regulated pTCSn::GFP ex-
pression ectopically and allowed the maintenance of the pWUS::
GFP signal in the center of the meristem. Inducing IPT3 in cut
meristems in the absence of extrinsic cytokinin also maintained,
at least partially, WUS expression (SI Appendix, Fig. S11). Together
with the results from the grafting experiments, these data support a
model in which stem cell homeostasis is controlled by a systemic
signal of cytokinin precursors (tZR) produced by IPT enzymes
outside the meristem. As tZR alone cannot trigger cytokinin
response (11), this systemic signal must be locally converted to
active cytokinins by LOG enzymes in the shoot meristem.
Cytokinins Allow a Rapid Response of Meristems to Changes in
Nitrate Availability. Nitrogen is a major nutrient that can modu-
late various aspects of plant development (25), and the avail-
ability of which in the soil can vary rapidly during the lifecycle of
a plant (26). Adding nitrate (NO3) to nitrogen-deficient plants
leads to a rapid and transient increase in cytokinin levels (11, 21,
27, 28). Given the rapid response of meristems to changes in
cytokinin levels we observed in vitro, we looked to see whether
the meristem could dynamically respond to changes in nitrate
concentration in vivo. We grew plants on sand, watering them
with a nutritive solution containing a low concentration of nitrate
(1.8 mM NO3 as the only source of nitrogen) to induce a de-
ficiency (6). Once the plants bolted, we watered them with a
nutritive solution containing different concentrations of NO3 (0,
1.8, or 9 mM) and quantitatively analyzed the dynamics of re-
sponse to this treatment. In the SAM, the treatment led to the
dose-dependent induction of pTCSn::GFP and of pWUS::GFP
expression within only 1 d, and to an increase of meristem size
and of the organogenesis rate within 2–3 d (Fig. 6 A–C and SI
Appendix, Fig. S12). Similar to what was observed when plants
B
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Fig. 5. Cytokinin precursors are sufficient to maintain meristem homeostasis in vitro. Effect of tZR and tZ application on the expression of pTCSn::GFP (A) and
pWUS::GFP (B) in cut meristems grown in vitro (pools of two independent experiments, pTCSn::GFP: n = 11 for each condition, pWUS::GFP: n = 12 for each
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were grown on soils of different nutritive qualities, the nitrate
treatment affected the size of CLV3 expression domain more
than its levels (SI Appendix, Fig. S13). We then checked whether
this response relied on changes in cytokinin levels in the plant. In
the root, we confirmed that the addition of nitrate to deficient
plants led to a rapid, dose-dependent, and transient induction of
nitrate signaling (inferred from the level of expression of the
nitrate responsive gene NITRATE REDUCTASE 1) and of IPT3
and IPT5 (SI Appendix, Fig. S14A). By measuring the levels of cy-
tokinin species 2 d after the treatment by mass spectrometry, we also
confirmed that the treatment led to a significant increase in the
concentration of cytokinin precursors (tZR and/or trans-zeatin ri-
bose phosphate, depending on the tissues) and products of degra-
dation (tZ7G, tZ9G, and/or tZROG, depending on the tissues; SI
Appendix, Fig. S14B and Table S4). Finally, we analyzed the meri-
stem response in our set of mutants 3 d after a nitrate treatment
(9 mM NO3). Similar to what we observed on plants grown in soil,
the response of ipt3.5.7mutant plants to nitrate in the meristem was
strongly reduced, although statistically significant in one of the two
experimental repeats, whereas response in the other mutant back-
grounds was as in WT (Fig. 6D and SI Appendix, Fig. S15). In
summary, our data show that the addition of nutrients leads to a
response of the stem cell regulatory network within a day, and that
the rapid changes in meristem properties can be explained by the
same cytokinin-based mechanism of signal propagation we found for
different fixed nutrient conditions (Fig. 3).
Discussion
Taken together, our results show that the meristem can adapt the
rate of shoot organogenesis to the availability of nitrate in the
soil. Mechanistically, this phenomenon correlates with the ability
of WUS and cytokinin signaling output to quantitatively respond
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Fig. 6. Nitrate modulates meristem homeostasis through IPTs. (A–C) Effect of nitrate resupply on pTCSn::GFP expression (A), pWUS::GFP expression (B), and
meristem size and plastochron ratio (C). The treatment was performed at day 0, and different meristems were dissected and imaged each day (n = 8–12). (A
and B, Left) Representative plants and (Right) quantification of total florescent signal. (Scale bars, 50 μm.) Red arrows point to the center of the inflorescence
meristem. Data were compared using Student’s t tests. Error bars correspond to the mean ± SD. (D) Meristem size and plastochron ratio of WT and cytokinin-
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to variations in nitrate levels. As the main inflorescence of WT
plants growing on soil only produced an average of 3.1 ± 0.4
flowers per day (n = 16), the response of the SAM to changes in
nitrate levels, which leads to significant changes in the rate of
organ production in only 2 d, should be seen as very rapid in
comparison with the pace of morphogenesis in this tissue. The
timing of the response to nutrients is very similar to the response
to induced perturbations of the core network (29), in both cases
causing expression domain changes in a day followed by changes
in growth and size. Our findings thus expand the understanding
of the function of the stem cell regulatory network in the SAM.
They show that this network not only acts to maintain the in-
tegrity of the SAM during organogenesis but also allows a very
rapid adaptation of SAM function to a nutritional cue.
A recent study showed that vegetative meristems of seedlings
germinating in the dark displayed reduced WUS expression,
which was controlled by the activity of CKX enzymes (12). Given
the pleiotropic effects of cytokinins (2), we can hypothesize that
different environmental signals could be integrated through cy-
tokinin signaling and lead to different developmental responses
in the meristem depending on whether they modulate, locally or
globally, different aspects of cytokinin signaling.
Although it was developed in Arabidopsis, this model can in
the future be applied to crops, where cytokinin metabolism and
action on stem cell regulation should be conserved. In rice,
where LOG mutants were first characterized (15), quantitative
trait loci for increased grain productivity have been mapped to
genes involved in the regulation of cytokinins, including notably
a CKX enzyme-encoding gene (30, 31). In maize, weak mutants
of FASCIATED-EAR3, a receptor able to bind a CLV3 homolog
and involved in the control of WUS expression, also shows in-
creased seed yield (32). Our work, which provides an integrative
model based on nutrient availability, cytokinin metabolism, and
its effect on stem cell regulation and meristem function (SI
Appendix, Fig. S16), allows a better characterization of the in-
fluence of mineral nutrients on plant architecture and could be
used to better understand plant response to environmental in-
puts and to develop cultivars with increased yield.
Methods
Detailed information on plant material, growth conditions, construction of
inducible lines, image acquisition and analysis, grafting, mass spectrometry,
qPCR, and in situ hybridization is provided in SI Appendix, SI Materials
and Methods.
ACKNOWLEDGMENTS. We thank Tanya Waldie and Maaike de Jong for
sharing their knowledge on developmental plasticity and for help with the
transient nitrate treatments, Jeremy Gruel for fruitful discussions on stem
cell regulation, Paul Tarr for providing material and for comments on
the manuscript, Jason Daff for his horticulture expertise, Raymond
Wightman for help with imaging, and Hugo Tavares for help with statistical
analysis. We also thank Chillie Zeng, Mark Bennett, and Rosa Lopez-Cobollo
from Imperial College London for their help during the preparation and the
analysis of cytokinin species by mass spectrometry. This work is sup-
ported by the Gatsby Charitable Foundation [fellowship GAT3395/DAA (to
E.M.M.), GAT3272/GLC (to J.C.W.L.), and GAT3395-PR4 (to H.J.)]. E.M.M. also
acknowledges support from the Howard HughesMedical Institute and the Gordon
and Betty Moore Foundation (through Grant GBMF3406). Research in the
laboratory of J.C.W.L. was made possible by the award of a European
Research Council under the European Union’s Seventh Framework Pro-
gramme (FP/2007-2013)/ERC Grant Agreement 338060. P.F.-J. acknowledges
a postdoctoral fellowship provided by the Herchel Smith Foundation.
1. Krouk G, et al. (2011) A framework integrating plant growth with hormones and
nutrients. Trends Plant Sci 16:178–182.
2. Werner T, Schmülling T (2009) Cytokinin action in plant development. Curr Opin Plant
Biol 12:527–538.
3. Ruffel S, et al. (2011) Nitrogen economics of root foraging: Transitive closure of the
nitrate-cytokinin relay and distinct systemic signaling for N supply vs. demand. Proc
Natl Acad Sci USA 108:18524–18529.
4. Rahayu YS, et al. (2005) Root-derived cytokinins as long-distance signals for NO3–
Induced stimulation of leaf growth. J Exp Bot 56:1143–1152.
5. Walch-Liu P, Neumann G, Bangerth F, Engels C (2000) Rapid effects of nitrogen form
on leaf morphogenesis in tobacco. J Exp Bot 51:227–237.
6. Müller D, et al. (2015) Cytokinin is required for escape but not release from auxin
mediated apical dominance. Plant J 82:874–886.
7. Chickarmane VS, Gordon SP, Tarr PT, Heisler MG, Meyerowitz EM (2012) Cytokinin
signaling as a positional cue for patterning the apical-basal axis of the growing
Arabidopsis shoot meristem. Proc Natl Acad Sci USA 109:4002–4007.
8. Gordon SP, Chickarmane VS, Ohno C, Meyerowitz EM (2009) Multiple feedback loops
through cytokinin signaling control stem cell number within the Arabidopsis shoot
meristem. Proc Natl Acad Sci USA 106:16529–16534.
9. Gruel J, et al. (2016) An epidermis-driven mechanism positions and scales stem cell
niches in plants. Sci Adv 2:e1500989.
10. Landrein B, et al. (2015) Meristem size contributes to the robustness of phyllotaxis in
Arabidopsis. J Exp Bot 66:1317–1324.
11. Osugi A, et al. (2017) Systemic transport of trans-zeatin and its precursor have dif-
fering roles in Arabidopsis shoots. Nat Plants 3:17112.
12. Pfeiffer A, et al. (2016) Integration of light and metabolic signals for stem cell acti-
vation at the shoot apical meristem. Elife 5:e17023.
13. Bartrina I, Otto E, Strnad M, Werner T, Schmülling T (2011) Cytokinin regulates the
activity of reproductive meristems, flower organ size, ovule formation, and thus seed
yield in Arabidopsis thaliana. Plant Cell 23:69–80.
14. Higuchi M, et al. (2004) In planta functions of the Arabidopsis cytokinin receptor
family. Proc Natl Acad Sci USA 101:8821–8826.
15. Kurakawa T, et al. (2007) Direct control of shoot meristem activity by a cytokinin-
activating enzyme. Nature 445:652–655.
16. Miyawaki K, et al. (2006) Roles of Arabidopsis ATP/ADP isopentenyltransferases and
tRNA isopentenyltransferases in cytokinin biosynthesis. Proc Natl Acad Sci USA 103:
16598–16603.
17. Nishiyama R, et al. (2011) Analysis of cytokinin mutants and regulation of cytokinin
metabolic genes reveals important regulatory roles of cytokinins in drought, salt and
abscisic acid responses, and abscisic acid biosynthesis. Plant Cell 23:2169–2183.
18. Werner T, et al. (2003) Cytokinin-deficient transgenic Arabidopsis plants show mul-
tiple developmental alterations indicating opposite functions of cytokinins in the
regulation of shoot and root meristem activity. Plant Cell 15:2532–2550.
19. Kieber JJ, Schaller GE (2014) Cytokinins. Arabidopsis Book 12:e0168.
20. Kiba T, Takei K, Kojima M, Sakakibara H (2013) Side-chain modification of cytokinins
controls shoot growth in Arabidopsis. Dev Cell 27:452–461.
21. Takei K, et al. (2004) AtIPT3 is a key determinant of nitrate-dependent cytokinin
biosynthesis in Arabidopsis. Plant Cell Physiol 45:1053–1062.
22. Matsumoto-Kitano M, et al. (2008) Cytokinins are central regulators of cambial ac-
tivity. Proc Natl Acad Sci USA 105:20027–20031.
23. Miyawaki K, Matsumoto-Kitano M, Kakimoto T (2004) Expression of cytokinin bio-
synthetic isopentenyltransferase genes in Arabidopsis: Tissue specificity and regula-
tion by auxin, cytokinin, and nitrate. Plant J 37:128–138.
24. Yanai O, et al. (2005) Arabidopsis KNOXI proteins activate cytokinin biosynthesis. Curr
Biol 15:1566–1571.
25. Kiba T, Kudo T, Kojima M, Sakakibara H (2011) Hormonal control of nitrogen ac-
quisition: Roles of auxin, abscisic acid, and cytokinin. J Exp Bot 62:1399–1409.
26. Giehl RF, von Wirén N (2014) Root nutrient foraging. Plant Physiol 166:509–517.
27. Takei K, Sakakibara H, Taniguchi M, Sugiyama T (2001) Nitrogen-dependent accu-
mulation of cytokinins in root and the translocation to leaf: Implication of cytokinin
species that induces gene expression of maize response regulator. Plant Cell Physiol
42:85–93.
28. Peterson JB, Miller CO (1976) Cytokinins in Vinca rosea L. Crown gall tumor tissue as
influenced by compounds containing reduced nitrogen. Plant Physiol 57:393–399.
29. Reddy GV, Meyerowitz EM (2005) Stem-cell homeostasis and growth dynamics can be
uncoupled in the Arabidopsis shoot apex. Science 310:663–667.
30. Ashikari M, et al. (2005) Cytokinin oxidase regulates rice grain production. Science
309:741–745.
31. Wu Y, et al. (2016) The QTL GNP1 encodes GA20ox1, which increases grain number
and yield by increasing cytokinin activity in rice panicle meristems. PLoS Genet 12:
e1006386.
32. Je BI, et al. (2016) Signaling from maize organ primordia via FASCIATED EAR3 reg-
ulates stem cell proliferation and yield traits. Nat Genet 48:785–791.
Landrein et al. PNAS | February 6, 2018 | vol. 115 | no. 6 | 1387
PL
A
N
T
BI
O
LO
G
Y
